I. INTRODUCTION
In recent years, the wet, adhesive pads found in tree frogs, torrent frogs, bush crickets, etc., have drawn extensive research attention. [1] [2] [3] [4] [5] In contrast to the hairy pads of geckos, biological interfaces of the adhesive pads are usually flat and smooth in appearance, and when looked at under a microscope, they are patterned with a regular hexagonal microstructure of epidermal cells separated by mucus-filled channels. [6] [7] [8] Moreover, the newt, an ancient amphibian that can attach and climb on wet slippery surfaces of rocks, was found to have similar toe pads by our group. 9 The scanning electron microscopy (SEM) photograph in Fig. 1 shows the topography of the interface on a newt's pads is characterized by polygonal cells, and there also are countless pegs on the polygons. Recent findings indicate that such tailor-made hexagonal micropatterns separated by deep channels are the key factors allowing wetting adhesion. [10] [11] [12] [13] [14] Furthermore, the main mechanism for wet adhesion has been demonstrated to depend not only on the capillary forces and viscous force generated by thin covered films of mucus, but also the friction between toe pad epidermis and substrate. 5, 10, [15] [16] [17] [18] [19] Federle et al. showed that the boundary friction that occurs on tree frog adhesive toe pads is an essential component of wetting adhesion. 19 Varenberg and Gorb demonstrated that the hexagonal pillars function as friction-oriented features. [20] [21] [22] Taking into account the hydrophilicity of biological pads, a study by Drotlef et al. suggested that the high friction force of hexagonal pillars on toe-pads is beneficial for climbing in wet conditions. 23, 24 Huang and Wang also demonstrated that hexagonal pillars exhibit superior friction under water compared to other patterns. 9 Based on the above studies, there is a consensus that the hexagonal channel patterns on toe-pads allow fluid to be expelled from the contact layer, thus resulting in a higher frictional force.
In previous bionic studies, the effect of hexagonal pillars has been the primary focus. However, the topography of both tree frog and newt toe pads also exhibit countless finer hemispheric bulgy cells, referred to as "pegs," on its hexagonal or polygonal microstructure epidermal cells. 9, 19 This raises the question of what the function of these finer hemispheric bulge structures is. Moreover, since the surface of biological pads are permanently wetted by their mucus in humid environments, the effects of microstructures on surface wetting/friction properties can have a significant influence on the performance of the biological pads. However, the mechanisms are not fully understood. In this study, a simple method based on conventional photolithography and wet etching was used to fabricate bioinspired microstructures and produce a surface with biomimic microstructures. Then, the effects of the microstructures on the wetting and friction properties were studied experimentally.
II. MATERIALS AND METHODS

A. Materials
Polydimethylsiloxane (PDMS) is the biomaterial typically used in medical devices (including tubing, catheters, and pacemaker leads) because of its low modulus, low surface energy, and propensity for minimal bioadhesion. 25 In this work, PDMS (Sylgard 184) was purchased from Dow Corning (MI, USA) and prepared with a crosslinker at the ratio of 10:1 to mimic the pad interface.
B. Design and fabrication of topographical specimens Figure 2 shows the fabrication process of the hierarchically structured PDMS surface. Generally, the required geometric patterns for this study were achieved using a a) Author to whom correspondence should be addressed; electronic mail: huangwei@nuaa.edu.cn four-step process. First, optical lithography was used to form the mask on a SiO 2 wafer, as shown in Fig. 2 (a). Then, isotropic wet etching was used to fabricate hemispheric dimple arrays on the SiO 2 wafer with a solution of buffered hydrofluoride acid (HF of 49% 6 ml, NH 4 F 12 g, and H 2 O 40 ml). The wet etching process lasted for 4 min at room temperature and ambient pressure. Next, a second optical lithography step was performed to form a regular hexagonal mold on the dimpled SiO 2 surface. At this point, the final negative templates for hierarchical microstructures were intact. Finally, degassed PDMS mixture was poured into the templates in a vacuum oven, and then cured at 70 C for 12 h. Note that the smooth hexagonal pillars molds only required the second lithography step on the base of the flat wafers. The specimens' microstructures were characterized using white-light interferometry (Rtec, USA) and scanning electron microscopy (Hitachi, Japan). The base hexagonal patterns were 200 lm in diameter, 12 lm in height, and had an average center distance of 207 lm (area density k hexagon ¼ 70%). The top round bulges were 20 lm in diameter, 6 lm in height, and had center distances ranging from 79 to 40 lm (k from 10% to 40%). In the experiments, hydrophobic specimens could be obtained by demolding directly, whereas slight treatment with oxygen plasma (low-power, pressure 0.1 MPa, 5 s) resulted in hydrophilic specimens. The SEM micrographs of several patterned specimens are presented in Fig. 3 .
C. Measurements on specimens
The surface wettability of specimens was characterized by its static contact angle (CA). For CA measurement, a deionized water drop with volume of 3 ll was placed onto the specimen and its image was caught by a CCD-camera. In addition, sliding friction tests were performed with a pin-ondisk tribometer at a load of 1 N and a speed of 8.4 mm/s. The measuring steel pin had a hemispherical head 10 mm in diameter. Specimens were submerged in deionized water during all friction tests.
III. RESULTS AND DISCUSSION
A. Characterization of CAs on specimens decrement in wettability, especially the hierarchical patterns, performing a function similar to the "lotus effect." 26 The static CA of the specimen with hydrophobic hexagonal patterns was approximately 119
, much lower than for those with hierarchical surface structures. The highest CA of 140 was achieved for the specimen with k ¼ 30%, which exhibited nearly super-hydrophobic behavior. In contrast, the specimens treated by oxygen plasma had low CA values because of the increase in surface free energy. In this case, the microstructures resulted in an increase in wettability. For the flat specimen, the static CA was 42 , compared to less than 30 for the specimens with hierarchical patterns. The surface with k ¼ 20% exhibited nearly superhydrophilic behavior with a CA of about 15 . All these results suggest that the finer hemispheric bulges of two-level structures play different roles on hydrophobic and hydrophilic surfaces.
To identify wetting regimes for different microstructures, the Wenzel theory and Cassie-Baxter theory commonly are used. Here, the factors of two wetting states on single-level hexagonal pattern can be depicted by r ¼ 1 þ 2 ffiffi ffi 3 p hd=L 2 and f ¼ k hexagon , respectively, where L is the center distance of adjacent hexagons, d is the circumscribed diameter of a hexagon, and k hexagon , is the area density. The calculated CAs were 114 using the Wenzel regime and 122 using the Cassie-Baxter regime. 27 Measurements of the hydrophobic surface indicate that the wettability of single-level hexagonal patterns were configured in the transition from the Wenzel regime to the Cassie-Baxter regime.
Due to the combined effects of the top finer hemispheric bulges and deep channels of the hydrophobic hierarchical patterns, more air was easily embedded in the interface of solid-liquid, which enabled surfaces with comparitively higher CAs and a tendency to favor the Cassie-Baxter regime. On the other hand, the microstructures, lead to an increase in wettability on hydrophilic surfaces, 28 especially for the hierarchical patterns. Compared with the flat and single-level pattern surfaces, the finer hemispheric bulges and channels can both contribute extra solid-liquid contact area, which result in lower CA value. That is, the hierarchical pattern surfaces are more likely to exhibit the wetting state. This phenomenon can be theoretically depicted by the increased wetting factor in Wenzel equation regime. 1.3 N, but the appearance of finer hemispheric bulges reduces with increasing area density k. On the contrary, the results for hierarchical patterns indicate a reverse tendency on hydrophilic surface. In this case, the friction force on flat surfaces was negligibly small but was significantly higher on patterned surfaces. Furthermore, friction forces measured on specimens with two-level patterns were significantly higher than for single-level hexagonal patterned specimens, and the surface with k ¼ 20% had the highest value at 0.8 N. These results suggest that hydrophilic surfaces with hierarchical patterning are more likely to increase frictional force in flood water compared to single-level hexagonal patterns. In general, it has been previously demonstrated that a hydrophobic hexagonal pillar surface exhibits a high friction force in normal humidity, due to the following factors: (1) The network of hexagonal channels on the surface is conducive to draining fluid out of the contact area, thus easily going into boundary friction. 19 (2) In a limited space, the hexagonal patterns can be arranged most efficiently.
30 ( 3) The channel edges may act as an energy barrier to overcome during the spherical probe sliding. 9 In our experiments, the high-friction property of hydrophobic hexagonal patterns was further confirmed, whereas for the hydrophilic surface, our results showed that the hierarchical pattern can achieve higher sliding friction forces. The possible reason for this result is the variation in how finer hemispheric microstructures affect surfaces with different wettability. The friction coefficient is about 1.0 on a hydrophobic, flat surface due to the repelling water effect, which corresponds to the boundary lubrication regime. For the hierarchical patterned surface, the decreased contact area of finer structures 31 may weaken the dewatering effect of hexagonal-based patterns, thus resulting in lower friction, just as for the randomly rough surfaces. 32 On a hydrophilic, flat surface, the continuous lubricant film, which was easily established between pin and hydrophilic disk during sliding, 33 contributes to a significantly low friction coefficient of 0.08. In this circumstance, the single-level hexagonal pattern can break the film with the increased pressure between the pin and pattern 31 and squeeze it out through channels to produce a higher friction force than the flat surface. 34 In addition, the finer bulge structures can further break the film between the pin and pattern with their higher pressure 31 to enhance the dewatering of hexagonal-patterns, providing superior friction for the two-level hierarchical pattern compared to the single-level pattern, Interestingly, it can be also observed from Fig. 5 , that the hydrophilic hierarchical patterned surfaces show higher friction force than hydrophobic ones. In fact, the surface with high free energy achieved by the treatment of oxygen plasma 35 may generate a higher adhesive force to the steel pin than that of the initial low-energy surface. During the sliding, the lubricating fluid is squeezed out resulting in dry contact by the microstructure. Compared with the hydrophobic one, significant adhesive effect is produced on the hydrophilic hierarchical patterned surface, which contributes to the increase in friction. As a result, the function of hierarchical patterns, which can easily produce boundary friction, is similar to the effect of biological pads. 19 
IV. CONCLUSION
In this paper, bioinspired surfaces with hexagonal and hierarchical patterns have been replicated by fabricating a micropatterned SiO 2 surface using conventional photolithography and wet etching. The influences of different patterns on wetting and friction properties were systematically studied. It was found that the hydrophilic surface with hierarchical pattern exhibited better wettability with lower apparent CAs, while the untreated two-level pattern tended toward super-hydrophobicity compared to the single-level hexagonal patterned surfaces. Frictional measurements showed that the hydrophilic surfaces with two-level patterning had higher friction forces than hexagonal patterned and flat surfaces. In contrast hydrophobic surfaces with the two-level patterning exhibited significant decreases in friction. Considering the hydrophilic property of biologic smooth pads, 19 which are also permanently wetted by their excreted mucus, 13 these results suggest that the peg-studded hexagonal epidermal cells are favorable for keeping toe-pad surfaces moist, and can also produce a higher friction force on pads in wet surroundings. Moreover, the findings may not only provide a new insight into the effects of peg-studded epidermal cells, but also can be regarded as a guide for the further studies of wet adhesive pads.
